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ABSTRACT 

In  this  work  it  was  found  that  the  Orbitron  microwave  generation  follows 
a  much  stronger  generation  of  RF  oscillations  close  to  the  ion  plasma  frequency 
(u;  ^  Wpj).  The  frequency  observed  was  20  -  70  MHz.  This  phenomenon  is 
associated  with  instability  of  the  cathode  sheath  which  causes  modulation  of  the 
discharge  current  of  almost  100%.  These  intense  RF  oscillations  are  accompanied 
by  short  microwave  spikes,  each  emitted  at  the  same  phase  of  the  RF  period.  The 
microwave  radiation  has  a  wide  spectrum  above  the  electron  plasma  frequency 
i^Pe  ~  ~  2u;p^).  This  radiation  appears  to  be  due  to  the  transformation 

of  electrostatic  plasma  waves  which  were  measured  inside  the  plasma  and  are 
assumed  to  be  driven  by  the  beam-plasma  instabihty:  The  beam  of  primary 
electrons  emitted  from  the  cathode  interacts  with  the  discharge  plasma.  Both 
the  RF  generation  and  the  microwave  generation  do  not  depend  on  the  anode 
shape,  area,  or  position. 

INTRODUCTION 

Current  oscillations  in  glow  discharge  tubes  is  a  well  known  phenomenon  [Ij. 
Their  frequency  varies  from  few  Hz  to  few  hundreds  of  KHz  [2],  and  they  are 
obtained  with  gas  pressures  ranging  from  the  sub-Torr  regime  up  to  few  tens  of 
Torrs.  These  oscillations  are  driven  mainly  by  coUisional  atomic  processes:  ioniza¬ 
tion,  excitation  and  recombination.  The  equations  describing  these  processes  are 
non-hnear,  leading  to  sinusoidal  oscillations  at  low  currents  and  chaotic  behavior 
at  higher  currents  [3]. 

Microwave  emission  from  glow  discharge  tubes  is  observed  when  the  gas 
pressure  is  low  and  the  discharge  current  is  larger  than  a  certciin  threshold  [4]. 
Under  these  conditions  the  cathode-fall  zone  becomes  narrower  than  the  mean  free 
path  of  the  electrons.  Therefore,  electrons  which  are  emitted  from  the  cathode 
and  accelerated  in  the  cathode-fall  zone  gain  a  kinetic  energy  equivalent  to  the 
cathode-fcdl  voltage.  This  beam  of  electrons  enters  the  negative-glow  plasma 
and  generates  oscillations  at  frequencies  close  to  the  electron  plasma  frequency, 
u)p^.  The  mechanism  is  the  collisionless  beam-plasma  instability,  which  was  also 
investigated  with  well-controUed  beams  and  plasmas  [5]. 
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In  1963  McClure  [6]  noted  20  MHz  oscillations  in  a  low-pressure  glow  dis¬ 
charge  tube,  comprising  a  cylindrical  hollow  cathode  and  a  very  thin  coaxial  wire 
anode.  This  frequency  is  too  high  for  ionization  and  recombination  processes 
and  much  lower  than  the  electron  plasn.a  frequency.  Neither  detailed  experimen¬ 
tal  data  nor  a  theoretical  model  was  provided.  Microwave  generation  in  such  a 
tube  was  reported  by  Alexeff  and  Dyer  [7j.  They  attributed  this  phenomenon  to 
electromagnetic  instabihty  of  electrons  orbiting  the  positive  thin  wire  anode,  and 
proposed  the  name  “Orbitron”  [7,8].  However,  a  debate  arose  about  this  model. 
Experimented  results  reported  by  Schumacher  and  Harvey  [9]  and  by  our  group 
[10]  seemed  to  contradict  the  Orbitron  model.  An  alternative  explanation  for  the 
microwave  emission  was  also  suggested  by  Stenzel  [11],  based  on  sheath-plasma 
resonance  at  the  thin-wire  anode,  which  is  essentially  the  monotron  instability. 

In  this  report,  an  experimental  study  of  the  low-pressure  hoUow  cathode  dis¬ 
charge  is  presented,  that  clarifies  the  situation  described  above.  It  was  found  in 
this  study  that  above  a  pressure-dependent  threshold  current,  the  tube  current 
was  almost  100%  modulated  at  RF  frequencies  -  few’  tens  of  MHz.  Microwave 
pulses  were  radiated  at  a  certain  phase  of  the  RF  period.  Since  the  anode  was 
a  small  half  sphere  located  at  the  end  of  the  cathode  cylinder,  neither  the  RF 
oscillations  nor  the  microwave  generation  could  be  attributed  to  the  Orbitron 
mechanism.  Detailed  diagnostics  of  this  oscillating  discharge  tube,  w’hich  are  de¬ 
scribed  later,  show  that  the  RF  oscillations  are  driven  by  a  collisionless  instability 
of  the  ion  sheath  in  the  cathode-fall  zone.  Microwaves  are  generated  from  plasma 
waves,  transformed  into  electromagnetic  waves  by  the  plasma  inhomogeneity. 

THE  EXPERIMENTAL  SYSTEM 

The  experimental  apparatus  is  shown  in  Fig.  1.  Two  brass  open-ended 
cylinders  4.1  cm  and  8.6  cm  in  diameter,  served  as  cathodes.  Both  had  a  length 
of  10  cm.  Initially  the  anode  was  a  thin  coaxial  wire,  the  same  as  used  in  the 
original  Orbitrons  [7,10].  Later  it  has  been  found,  in  accord  with  Ref.  [9],  that 
the  system  works  in  the  same  way  also  when  the  thin  wire  was  moved  off  axis. 
Furthermore,  it  has  been  found  in  the  present  study  that  the  same  results  are 
obtained  also  for  an  anode  in  the  form  of  a  small  coin.  This  arrangement  was  more 
convenient  for  the  purpose  of  inserting  a  probe  into  the  tube.  Thus  the  anode  was 
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chosen  as  a  movable  brass  coin,  5  mm  in  diameter,  which  was  typically  placed  at 
one  of  the  open  ends  of  the  cylinder  (Fig.  la).  The  anode  could  be  moved  also  to 
an  outside  position  (Fig.  lb)  without  any  influence  on  the  experimental  results. 
Also  the  anode  area  had  no  influence  on  the  results.  The  cathode  and  anode 
were  mounted  inside  a  glass  vacuum  vessel  filled  with  a  gas.  Usually  He  was  used 
but  sometimes  At  in  order  to  check  the  results.  The  minimum  working  pressure 
was  40  -  50  mTorr  for  the  8.6-cm-diam.  tube,  and  100  -  150  mTorr  for  the  4.1- 
cm-diam.  tube.  Below  these  pressures  it  was  impossible  to  sustain  the  discharge 
with  the  plasma  inside  the  tube,  i.e.  the  hollow  cathode  discharge.  The  discharge 
was  supported  by  a  pulse  current  generator  built  in  the  following  way:  An  80- 
n,  2-fj.s  pulse  forming  network  was  charged  at  3  to  15  kV,  and  discharged  by  a 
thyratron  switch  into  the  anode  through  a  0  to  200  fl  resistor.  Typical  discharge 
currents  were  between  4  and  110  A.  A  shunt  capacitor  connected  between  the 
anode  and  the  cathode  (see  Fig.  1)  created  a  low-impedance  path  for  the  RF 
current  oscillations.  When  its  capacitance  was  above  a  certain  value  (200  -  250 
pF),  there  was  not  any  significant  influence  on  the  instability. 

The  diagnostics  included  a  Rogowski  coil  to  measure  the  discharge  current, 
with  a  very  short  time  resolution  (a  few  ns),  and  a  high  resistance  divider  to 
measure  the  pulse  voltage  across  the  discharge.  The  same  divider  was  used  for 
measurements  of  the  plasma  potential  by  a  floating  single  probe.  The  electron 
temperature  and  the  spatial  distribution  of  the  plasma  density  were  measured  by 
movable  double  and  single  Langmuir  probes.  Comparatively  large  probes  were 
used  (1  mm  diameter^and  3  mm  length)  in  order  to  reach  a  good  ion  saturation 
current.  Both  probes  showed  the  same  results.  The  plasma  density  rig  is  directly 
proportional  to  the  anode  current  la-  Thus,  for  the  8.6-cm-diam  cathode  in  He  in 
the  center  of  the  cathode  ~  8  x  10^°/o  cm“^,  and  Ug  =  2  x  10^°/a  cm~^  near 
the  walls  (3  mm  distance).  For  the  4.1-cm-diam  cathode  the  density  increases 
by  5  -  7  times.  The  plasma  density  with  Ar  is  approximately  4  times  larger 
than  with  He  (this  was  only  checked  for  the  8.6-cm-diam  tube).  The  electron 
temperature  Tg  of  the  main  plasma  is  approximately  the  same  for  all  diameters 
and  anode  currents:  Tg  ~  7  -  8  eV  (He)  and  Tg  4.5  eV  (Ar). 

In  order  to  analyze  the  charged  particles  (electrons  and  ions)  which  were 
going  through  the  cathode  sheath,  an  electrostatic  plasma  analyzer  was  mounted 
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on  the  cathode  surface.  Its  input  grid  of  2  cm  diameter  was  a  part  of  the  cathode 
surface  (see  Fig.  1).  By  this  way  one  can  investigate  the  potential  across  the 
cathode  sheath. 

Electrostatic  plasma  waves  were  probed  by  a  small  dipole  antenna  movable 
inside  the  plasma,  and  radiated  microwaves  were  collected  by  a  horn  antenna 
outside  the  vacuum  vessel.  The  signals  from  the  antennas  were  measured  by  a 
spectrum  analyzer  or  transferred  through  a  waveguide  section  to  a  microwave 
detector. 

RESULTS 

The  scope  traces  of  the  total  discharge  current  /q,  which  is  slightly  below 
and  slightly  above  the  current  thresholds,  are  presented  in  Figs.  2a  and  2b.  For 
both  cathode  diameters  we  observed  the  same  current  and  voltage  threshold  (but 
note  that  the  same  current  corresponds  to  different  densities  for  the  different 
tube  diameters).  The  RF  oscillations  appeared  to  grow  up  very  quickly  and  the 
current  modulation  was  about  100%. 

The  plasma  potential  Up  and  the  voltage  across  the  discharge  V),  do  not 
depend  significantly  on  the  tube  diameter  and  anode  postion,  but  only  on  the 
discharge  current  la  (see  Fig.  3).  The  difference  between  Vp  and  Iq  (anode  fall) 
was  less  than  50  -  60  V  in  all  investigated  current  range.  Also  Vp  does  not  depend 
significantly  on  the  pressure  P  in  this  current  range.  When  P  changes  from  50 
to  700  mTorr.  Vp  changes  less  than  40  -  50  V.  Note  that  Up  is  in  fact  very  close 
to  the  cathode  fall  voltage  because  it  is  measured  between  the  cathode  and  the 
plasma. 

In  Fig.  4,  the  dependence  of  the  generation  frequency  u;j/27r  of  the  RF 
oscillations  on  the  discharge  current  la  is  presented  for  both  diameters.  The 
frequency  increases  monotonically  with  the  plasma  density  independently  of 
whether  one  increases  la  or  decreases  the  diameter  with  the  same  la-  The  period 
of  generation  2Tr iuig  is  of  the  order  of  the  transit  time  r  of  the  ions  moving 
through  the  cathode  sheath.  In  order  to  estimate  r  we  assume  the  potential 
drop  in  the  cathode  sheath  is  in  accord  with  the  Child-Langmuir  law.  This 
assumption  is  reasonable  near  the  threshold,  in  which  case  the  cathode  sheath 
is  not  significantly  disturbed  yet.  Then  r  s;  7  -  8  A,  350  -  400  V,  and 
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taking  into  account  that  Ue  near  the  sheath  edge  is  ~  0.6n.e  in  the  undisturbed 
plasma,  one  obtains,  with  He,  l/r  %  22  MHz  for  the  8.6-cm-diam  tube  and  42 
MHz  for  the  4.1-cm-diam  tube.  The  experimental  values  are  23  MHz  and  30 
MHz  respectively.  With  increasing  la  up  to  120  A  (Ip  grows  up  to  800  V)  the 
difference  between  l/r  and  u)g/2Tr  increases  by  factor  2-3.  Quahtatively  this 
difference  may  be  explained  by  pondermotive  force  due  to  the  RF  field  in  the 
cathode  sheath.  This  additional  force  expands  the  plasma  sheath,  decreases  the 
ion  density  in  the  sheath,  and,  therefore,  reduces  ujg. 

In  order  to  check  the  influence  of  the  ion  mass,  He  was  replaced  by  Ar  in  the 
8.6-cm-diam  tube.  With  the  same  la  the  density  was  increased  approximately 
by  four  times  and  the  ion  mass  ratio  ~  10.  The  generation  frequency  u.'p  /2T  is 
decreased  by  factor  1.4  (see  Fig.  4)  in  good  accordance  with  ion  transit  time 
estimates. 

The  frequency  of  the  RF  oscillations  does  not  depend  on  the  pressure  P: 
if  P  is  changed  but  is  kept  constant  (this  is  checked  by  probe),  u)g  does  not 
change  at  all.  By  increasing  the  pressure  up  to  a  certain  value,  one  can  stop 
the  RF  generation.  The  threshold  curves  for  both  diameters  are  presented  in 
Fig.  5.  Within  the  wide  pressure  range  the  starting  current  and  voltage  are 
the  same  for  both  diameters  and  do  not  depend  on  P.  (Of  course  the  density 
is  completely  different  by  factor  5  -7).  Increasing  P,  one  can  see  a  sharp  edge 
whose  position  increases  with  decreasing  diameter.  It  means  that  the  threshold 
pressure  increases  with  the  density  {note  that  Ip  is  kept  constant).  In  other 
words,  more  exactly,  the  RF  generation  breaks  when  the  ratio  reaches 

~  0.2  -  0.3  independently  of  the  diameter.  Here  i/in  is  the  ion-neutral  collision 
frequency,  =  v^criN,  Vi  =  (2Ti/A/)^^^,  T,  ~  1  eV  (which  is  the  ordinary  value 
for  such  plasmas),  N  is  the  neutral  molecules  density,  N  =  3.6  x  10^®P(Torr). 
<7,  ^  4  X  10“^®  cm^  is  the  cross  section  [12L  Therefore,  one  can  conclude  that 
the  growth  rate  of  this  instability  is  'y/'u^g  ~  0.2  -  0.3.  This  value  is  in  good 
agreement  with  the  scope  traces  (Fig.  2)  where  we  see  a  rapid  grow  up  of  these 
oscillations,  practically  during  the  formation  of  the  discharge.' 

Experimental  evidence  for  the  strong  cathode-fall  variation  was  obtained 
with  the  electrostatic  charged-particle  analyzer  which  was  located  at  the  cathode 
(see  Fig.  1)  and  which  measured  separately  the  ion  and  electron  currents  hitting 
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the  cathode.  The  electrostatic  analyzer  measurements  showed  directly  a  signifi¬ 
cant  changing  (~  100%)  of  the  cathode  fall  voltage.  The  analyzer  operated  either 
in  ion  collecting  mode  or  in  electron  collecting  mode.  In  Fig.  6a  the  ion  current 
is  presented  in  absence  of  RF  generation  (shghtly  below  the  threshold).  In  Fig. 
7a  the  electron  current  collected  by  the  analyzer  is  presented  under  the  same  con¬ 
ditions.  One  can  see  clearly  that  the  electrons  do  not  penetrate  into  the  cathode 
sheath  if  the  RF  generation  does  not  exist.  A  completely  different  picture  appears 
when  the  RF  generation  does  exist,  as  is  seen  in  Fig.  6b  and  7b  for  the  ion  and 
electron  analyzer  currents  respectively  (the  discharge  current  was  slightly  above 
the  threshold).  In  Fig.  6c  and  7c  are  shown  the  same  measurements  when  the 
discharge  current  is  even  higher.  From  these  figures  one  can  see  clearly  that  in 
certain  moments  the  plasma  electrons  can  penetrate  into  the  cathode  sheath  up 
to  the  cathode  wadi.  It  means  that  in  these  moments  the  cathode  fall  is  reduced 
to  very  few  electron  temperatures  Tg.  Practically  it  means  ~  100%  reduction 
because  Tg  <Si  Tp.  If  the  AC  amplitude  is  equal  to  the  DC  cathode  fall  voltage, 
in  certain  moments  the  ion  current  is  restricted  and  the  instabihty  stops.  This 
point  is  supported  by  the  total  modulation  of  the  discharge  current  (Fig.  2).  It 
is  noted  in  Figs.  6b  and  6c  that  the  ion  current  is  not  totally  modulated.  This  is 
because  of  the  relatively-long  ion  transit  time. 

In  Fig.  8  is  shown  the  plasma  density  spatial  distribution  as  measured  by 
the  movable  probe  for  the  8.6-cm-diam  tube.  The  results  were  the  same  using  a 
single  probe  or  a  double  probe.  It  is  seen  that  the  density  is  maximal  near  the 
tube  axis  and  near  the  anode.  The  plasma  density  is  of  the  order  of  10^^  - 
cm“^. 

Fig.  9  shows  the  time  evolution  of  the  electrostatic  plasma  waves  spatial 
distribution,  as  probed  by  a  small  dipole  antenna  movable  inside  the  8.6-cm-diam 
tube.  The  plasma  waves  are  supposed  to  be  transformed  into  electromagnetic 
waves  in  the  microwave  range  by  the  plasma  inhomogeneity.  Fig.  10  shows  scope 
traces  of  the  RF-modulated  discharge  current  along  with  the  detected  microwave 
spikes,  each  emitted  at  the  same  phase  of  the  RF  period.  Finally,  in  Fig.  11 
is  shown  an  example  of  the  wide  spectrum  measured  by  a  spectrum  analyzer  of 
the  microwaves  emitted  from  the  8.6-cm-diam  tube  for  He  with  a  pressure  of  70 
mTorr.  The  spectrum  is  mainly  within  a  certain  range  above  the  electron  plasma 
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frequency,  uip^  ^  u;  ^  should  be  noted  that  due  the  wide  distribution  of 

plasma  densities  (Fig.  8)  the  electron  plasma  frequency  also  has  a  wide  range, 
u}p^  —  (47re^ The  plasma  density  n  depends  on  the  discharge  current  1^ 
and  can  be  written  as:  n  =  Ala  where  A  is  a  geometrical  factor  which  depends 
on  the  tube  diameter  and  on  the  location  inside  the  tube. 

DISCUSSION 

The  RF  oscillations  cannot  be  caused  by  ionization  and  de-ionization  pro¬ 
cesses  because:  1.  There  was  not  any  frequency  dependence  on  the  pressure  in  the 
investigated  range.  2.  Estimation  shows  that  the  decay  time  is  too  long.  Natu¬ 
rally,  even  if  the  recombination  coefficient  is  ~  10“'  cm^/s  [12 1,  the  decay  time 
T  is  much  larger  than  the  oscillation  period:  r  =  (/3ne)“^,  {ne)max  ~  5  x  10^^ 
cm“^  (for  the  4.1-cm-diam  tube  and  =  100  A),  rmm  ~  200  ns.  But  the 
observed  value  is  2ir juig  ~  20  ns  under  the  same  conditions. 

In  principle,  such  RF  oscillations  can  also  directly  occur  due  to  some  kind 
of  beam-plasma  instability  in  the  plasma  body:  in  fact,  there  is  the  beam  of  the 
emitted  electrons  near  the  cathode  sheath  (its  energy  ~  Up  3>  Te).  But  such  an 
electron  flux  can  cause  high  frequency  oscillations  only,  lo  ~  Wp^,  where  uip^  is  the 
electron  plasma  frequency.  However,  the  observed  value  is  u;  ~  uipj,  where  tUpj  is 
the  ion  plasma  frequency. 

As  noted  before,  the  anode  position  and  its  area  have  no  influence  on  the 
RF  generation.  Therefore,  the  electron  current  near  the  anode  also  cannot  cause 
this  instability. 

The  cathode  sheath  disappearance  could  be  caused  by  strong  electron  emis¬ 
sion.  In  this  case  the  ion  space  charge  would  be  compensated  by  the  emitted 
electron  space  charge.  The  condition  for  this  is  [13::  Z.  li,  where  le 

is  the  emitted  electron  curren*  from  the  cathode  and  /,  is  the  ion  current  from 
the  plasma.  But  in  the  present  case  =  q/^;  here  a  =  0.1  -  0.5  [12j  (a  is  the 
secondary  emission  coefficient,  and  q  «C  (A//m)^'^). 

For  a  possible  explanation  of  the  RF  experimental  results  one  should  take 
into  account  the  dynamic  aspects  of  the  cathode  sheath  formation.  As  is  well 
known,  the  plasma-sheath  system  near  a  negative  wall  reaches  a  stable  structure 
when  the  ions  arrive  at  the  sheath  edge  with  energies  VU,  >  ~Te  (the  Bohm 
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criterion  [14j).  This  condition  defines  the  state  of  the  sheath  with  a  certain 
thickness,  voltage  fall,  and  charge  and  electric  field  distributions.  Now  suppose 
that  due  to  some  reasons  this  balanced  state  is  disturbed.  This  may  be  due  to 
electron-temperature  changing  in  the  plasma  body  or  to  space-charge  disturbance 
inside  the  sheath.  Note  that  the  timing  of  the  sheath  reaction  is  determined  by 
the  motion  of  the  massive  ions.  It  is  possible  that  the  sheath  reaction  to  the 
electron-temperature  changing  may  create  a  positive  feedback  which  in  turn  will 
lead  to  sheath  instabihty.  This  electron-temperature  changing  may  be  caused  via 
the  beam-plasma  instability  by  the  emitted  electrons  going  through  the  cathode 
fall  into  the  plasma.  Typical  times  for  Te  changing  are  few  27r/wp^  which  are 
much  smaller  than  the  ionic  response  time  27r/u;pj,  and  hence  the  ionic  response 
time  should  determine  the  frequency  of  oscillation.  Alternatively,  the  balanced 
space-charge  distribution  may  be  disturbed  due  to  ion  flux  bunching  inside  the 
sheath.  In  this  case,  the  interaction  of  the  bunched  flux  with  the  electric  field 
inside  the  sheath  may  create  an  instabihty  hke  in  conventional  microwave  electron 
tubes  [15  .  However,  the  large  variations  in  the  sheath  voltage  and  in  turn  the 
variations  in  the  sheath  thickness  complicates  the  analysis  of  this  phenomenon. 
In  any  case,  both  possibilities  lead  to  the  same  period  of  oscillations,  which  is 
close  to  the  ion  transit  time  through  the  sheath. 

The  microwave  radiation  that  is  emitted  from  the  discharge  (Figs.  10.11) 
appears  to  be  due  to  the  transformation  of  plasma  waves  which  were  measured 
inside  the  plasma  (Fig.  9).  The  beam  of  primary  electrons  emitted  from  the  cath¬ 
ode  interacts  with  the  discharge  plasma.  If  the  velocity  of  the  beam  electrons  is 
high  enough  to  overcome  the  Landau  damping  mechanism  then  they  will  lead 
to  a  beam-plasma  instabilty.  This  instabihty  will  cause  the  formation  of  electro¬ 
static  plasma  waves.  Since  the  cathode-fall  voltage  undergoes  RF  oscillations, 
the  plasma  waves  will  be  modulated  with  the  same  frequency.  This,  in  turn,  will 
cause  the  i..F  modulation  of  the  microwaves  [Fig.  10;.  The  idea  that  the  emit¬ 
ted  microwaves  are  due  to  plasma  waves  created  inside  the  plasma  has  already 
been  mentioned  briefly  by  Schumacher  and  Harvey  :9j  who  opposed  the  Orbi- 
tron  interpretation  of  Alexeff  and  Dyer  [7,8i.  This  latter  interpretation  depends 
on  the  existv.nce  of  a  thin  wire  anode,  and  attributes  the  microwave  generation 
to  an  electromagnetic  instabihty  of  the  electrons  orbiting  the  thin  positive  wire. 
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However,  in  the  present  study  it  was  found  that  the  results  remciin  the  same  even 
if  one  uses  a  small  coin-shaped  anode.  Also  in  the  present  study  the  microwave 
spectrum  was  found  to  be  rather  wide  (Fig.  11)  while  Alexeff  and  Dyer  [7,8 i 
expect,  and  someiimes  claim  to  observe,  narrow  peaks.  Perhaps  some  of  their 
experimental  conditions  were  different  from  the  present  study,  and  they  relate  to 
a  different  effect,  but  they  do  not  give  sufficient  experimental  details  to  allow  a 
detailed  comparison. 

Another  interpretation  of  the  Orbitron  microwave  emission  was  given  earlier 
by  the  present  group  [10],  using  the  idea  of  stimulated  emission  of  bremsstrahlung. 
This  mechanism  depends  on  the  existence  of  collisions  in  the  plasma  and  therefore 
should  be  a  function  of  the  gas  pressure.  However,  only  later,  after  the  present 
project  has  started,  better  instrumentation  has  become  available  to  the  present 
group.  This  has  allowed  a  much  better  time  resolution  which,  in  turn,  has  lead 
to  the  observation  of  the  RF  oscillations  not  seen  before.  From  the  threshold 
curves  (Fig.  5)  it  is  seen  that  at  low  pressures  the  effect  is  pressure  independent. 
Also  the  beam-plasma  instability  is  a  coUisionless  mechanism.  Finally,  another 
alternative  explanation  for  the  microwave  emission  was  suggested  by  Stenzel  [11], 
based  on  sheath-plasma  resonance  near  the  positive  thin-wire  anode.  However, 
this  idea  is  inconsistent  with  the  present  experimental  observation  that  the  anode, 
made  cdso  in  the  form  of  a  coin,  could  be  placed  even  outside  the  cylinder  (Fig. 
1)  without  changing  the  experimental  results. 

CONCLUSIONS 

The  purpose  of  the  present  project  was  to  investigate  the  microwave  emission 
mechanism  of  the  Orbitron  device.  Out  of  several  possible  interpretations,  the 
present  study  supports  the  contention  that  the  beam-plasma  instability  produces 
plasma  waves  which  transform  into  microwaves  due  to  the  plasma  inhomogeneity. 
The  microwave  emission  was  found  to  have  a  rather  wide  spectrum  above  the 
electron  plasma  frequency.  This  microwave  emission  was  found  to  be  only  a 
secondary  effect  to  a  much  stronger  effect  of  RF  generation  due  to  a  new  kind 
of  instability  in  the  hollow  cathode  discharge.  It  was  shown  to  be  a  collisionless 
instability  of  the  cathode  sheath,  effecting  a  large  reduction  of  the  sheath  voltage 
and  almost  100%  modulation  of  the  discharge  current.  The  oscillation  frequencies. 
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which  are  in  the  RF  regime  (~  10  MHz  -  100  MHz),  are  related  to  the  ion  transit 
time  through  the  sheath.  The  present  device  consists  of  a  very  simple  and  small 
apparatus,  which  is  magnetic-field  free.  It  was  found  to  produce  an  output  of  RF 
oscillations  at  a  power  of  the  order  of  10  kW  in  a  yet  unoptimized  device.  The 
microwave  emission,  on  the  other  hand,  is  only  a  low-power  secondary  effect,  as 
only  part  of  the  plasma  waves  transform  into  electromagnetic  waves.  In  addition, 
the  emitted  microwave  radiation  is  strongly  modulated  by  the  RF  oscillations. 

PUBLICATIONS  AND  CONFERENCES 

The  results  of  this  investigation  will  be  presented  in  a  contributed  paper 
in  the  34th  Annual  Meeting  of  the  Division  of  Plasma  Physics  of  the  American 
Physical  Society,  to  be  held  in  Seattle,  WA,  on  16-20  November,  1992.  The  ab¬ 
stract  of  this  contribution  was  published  in  the  Bulletin  of  the  American  Physical 
Society  37,  1460  (1992),  ”RF  Oscillations  and  Microwave  Generation  in  a  Low- 
Pressure  HoUow  Cathode  Discharge”,  and  a  copy  of  it  is  attached  to  this  report. 
An  article  describing  the  results  of  the  present  study  is  being  prepared  and  will  be 
submitted  for  publication  in  the  Phy  ical  Review.  As  a  by  product,  a  theoretical 
investigation  was  carried  out  by  the  present  group  on  the  validity  of  the  Orbitron 
model  compared  to  other  related  effects.  This  was  published  in  the  Journal  of 
Applied  Physics  68,  5981  (1990),  ’’Collision-Induced  Resonant  Amplification  of 
Electromagnetic  Waves  by  Electrons  in  Circular  Orbits”,  and  a  copy  of  it  is  also 
attached  to  this  report. 
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(a) 


(b) 


FIG.  1.  Experimental  apparatus,  (a)  and  (b)  refer  to  different  anode  locations.  1  - 
cathode  cylinder  with  8.6  or  4.1  cm  diameter;  2  -  anode;  3  -  movable  probe; 
4  -  shunt  capacitor;  5  -  pulse  generator;  6  -  electrostatic  analyzer. 


FIG.  2.  Scope  traces  of  discharge  current,  (a)  without  RF  generation;  (b)  with  RF 
generation.  Timebase  100  ns/div,  sensitivity  4  A/div.  The  broken  lines  show 
the  zero  level. 
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FIG.  3.  Floating  potential  vs  discharge  current. 
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FIG.  5.  Threshold  dischuge  ctirreat  dependence  on  the  pressure. 


FIG.  6.  Scope  traces  of  electrostatic  analyzer  ion  current,  (a)  without  RF  generation; 

(b)  discharge  current  slightly  over  threshold;  (c)  la  well  above  threshold. 
Timebase  200  ns/div,  sensitivity  10  tnA/div. 


Fig.  7.  Scope  traces  of  electrostatic  analyzer  electron  current,  (a)  without  RF  gen¬ 
eration;  (b)  discharge  current  slightly  over  threshold;  (c)  /„  well  above 
threshold.  Timebase  200  ns/div.  Sensitivity  is  10  mA/div  for  (a)  and  (b), 
and  20  mA/div  for  (c). 
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Fig.  8.  Plasma  density  spatial  distribution  for  the  8.6-cm-diam  tube,  x  -  radial 
distance  from  axis  (in  cm);  y  -  axial  distance  from  anode  (in  cm);  z  -  density 
(in  relative  units).  Gas  was  He  with  120  mTorr  pressure. 
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Fig.  9.  Time  evolution  of  spatial  distribution  of  plasma  waves  for  the  8.6-cm-diam 
tube.  X  -  radial  distance  from  axis  (in  cm);  y  -  axial  distance  from  anode 
(in  cm);  z  -  intensity  (in  relative  units),  to  is  250  ns  from  start  of  pulse.  At 
is  250  ns.  Gas  was  He  with  120  mTorr  pressure. 
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FIG.  10.  Scope  traces  of:  (a)  the  RF- modulated  discharge  current;  (b)  the  detected 
microwave  spikes.  Timebase  200  ns/div.  Sensitivity  is  10  A/div  for  (a)  and 
10  mV/div  for  (b).  Gas  is  He  with  120  mXorr  pressure. 
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AKALYSIS  or  SOFT  X-RAY  SPECTRA  IROM  SHORT-PULSE  LA3ER- 
FRODUCES  PLASMAS  THAI  ARE  CANDIDATES  FORA  RHXtlBINATiaN 
X-RAT  LASI»*-A.C.  Abare,  UiivtralCV  of  noyid*. 
Calj»5ville;  C.J.  Keane,  L.  ^Sllva,  R.W.  Lee,  and  II.D. 
Perry,  Leyenee  Llvemnre  National  lAhoraterv:  R. 
FaleoneT UUveraly  ot^  dalltomla.  BerRelev-  Ut  report 
on  the  analgia  of  atraaked  sole  x-ray  spectra  obtained 
fren  the  intenctlog  et  a  ahort-pulaa  hijh-intenslty 
laser  (Il'-IOI’'  U/en*)  vith  neon  gas  targets.  In  th^ 
cxperlaKnca  long  duration  ns)  Una  radiation  from 
LI-  and  Bs-lll(e  Ke  la  seen  in  addition  to  pronpt 
harmonic  cedasion.  Transitions  of  tha  type  2s-np,2p-nd 
3a  np,  Ip-nd,  and  3d-nf  are  Identified.  Lina  ratios 
and  tlm  histories  are  analyzed  and  eonpared  vlth  those 
obtained  from  siaiplo  modelling  codes.  Ihe  teaulti  are 
used  CO  estimate  the  plasma  conlltions  and  datetmlne 
if  they  ate  appropriate  for  producing  late-clne  quasl- 
steady^tata  population  Inreralons. 

*Uock  perfotmed  under  the  auspices  of  the  U.S. 
Department  of  Ehergy  by  Laurence  Lieemira  llatlanal 
Laboratory  under  contract  U-7405-EN(»-A8. 
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4S1 

Beam  Bmeetinn  Fmm  t  Sfellsnpn  ArrelereiW.  R.  PROHASKA. 
Y.  SONG.  A.  FISHER",  ud  N.  ROSTOXER.  llmvenlTvnf 
flallfnmla  Irvine. -The  UQ  stellaDoo  has  been  leuesigned  far  bean 
eatnedon.  An  elecnoa  nag  wUb  beam  euuun  of  over  1  kA  asd  eacrgy 
of  11-12  hfeV  was  produced  la  I  lyphiB  eompodie  chamber  by  nslag 
plasma  ton-up.  Ahcrtheeoaipleiianofiooelaadan,tfabearaa(blc 
was  expaiyed  by  a  spQler  field  and  (be  eleeaona  wets  guided  eowanl 
an  exnction  pan  by  a  kicker  field.  About  1200  oC  of  elecsoo  dungs 
was  guided  inio  (be  poet  The  CAsaard  ekcirons  wen  Ion  quidciy  to 
(be  Wall  of  (he  drift  (ube  douc  (he  propagaiioa  (faraugh  (te  souetDR . 
The  tots  wu  rednesd  by  lUsI^g  (no  mignede  coraponeats  tmsverse 
(o  (be  tube  axis.  About  100  nCofelecsoostnvelsd  over  12  era  from 
the  entnnee  of  tbs  ccnctioa  pon.  Detailed  exporimenaliesnlts  will 
bepresetUBd. 

•  Work  supported  by  ONR- 

**Naval  Rneaicb  Laboraoty.  Washington.  DC 
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Radlaetan  ElteeTadwalg,  nf  ehe  Thota-eltoeran  Claud  Pre- 
dueed  by  m  Arbitrary  tharan  PuLta  Incident  an  A  flanar 
Siirfaea  In  Vaguum- -Rlearoua  RttuLtt.  CAVID  PtETZ^fhllllat 
Laboratory  m,h  frmrtv  ri.m.  Diviaian  fUSPI .  Klrtlind 
Afg  WM  a71i7-SOOa  Iha  aiaectaaagnatic  radiaclan  flald 
praduead  by  cha  cloud  of  aecalaraetng  alaectona  induead  ac 
a  photsalaeczen  aaleolng  surfaca  In  vacuum  by  an  arbiercry 
(in  cisa)  phaeaa  pulsa  Incident  upon  Chao  aurfaea  la  dari* 
ved  analytically  fran  Clrae  principlat  is  tha  nan* 
zalselvlaele.  aamli-apac.aita  ragtsa.  Aa  a  firae  atap, 
nan-ralacivlatic  altcersn  cloud  d)maaica  La  praaaotad;  then 
incdgral  axpraatlana  for  ctaa  altctzle  and  aagnatle  tialda 
at  largo  but  finics  (l.a.,  ’flnlcaly-tcaeta*)  diatanees 
froa  the  cloud  are  derivad.  Tba  fialds  att  calculated  by 
dirtetly  auautng  dancribuclana  evar  individual  alaetrsn 
CTaJaetotiaa,  using  axaec  taall'spot  racardad  tiaat,  rachar 
chart  by  the  usual  tachnltua  of  first  forming  cha  aiactran 
curzanc  denalcy  and  chan  Inecgraclng  lo.  Tha  zaaulclng 
incagral  raprsaaocaelaoi  et  cha  fitlds  aza  carraeo  to  .,cat 
etdsr  in  v  /«  and  era  valid  for  all  nsn.nagaeiva  time  and 
far  aomsvhsc  long  (In  spaca)  charga  elauda.  Thaaa 
finicaly-raaeca  fialda  ara  chan  uaad  to  cempurc  aayspoocle 
radiaclan  fields  and,  aubaaguencly,  aayapcot.c  radiaclan 
guaneltiaa  in  cha  liaic  of  cha  fiald  paint  going  ta  lofln- 
Icy.  finally,  an  llluseraclan  of  aur  tasuics  for  a  oan- 
aeanc  ('flat-tap'*)  pulaa  la  praaanoed. 


4S2  Identification  ef  Toroidal  Fiald  Errori  in  a  MoiiiSeii 
Betatron  Acctlernter  *  P.  LOSCH1ALPO.*>  SJ.MARSH,»  L.K. 
LEN.'»  T.  SMITH.**  and  C.A.  KAPETANAKOS*’  A  newly  da- 
rclopad  preba  baa  bern  used  to  datcct  errota  in  the  toroidal 
magnetic  field  of  the  NRL  modified  beletren.  Meaaurcmcnta  in¬ 
dicate  IbaS  the  radial  field  compenenta  (errors)  are  0,1  to  1% 
of  the  applied  toroidal  field.  Such  nrora,  in  the  typically  5  kC 
toroidal  field,  can  excite  rtsonances  which  drive  the  beam  to  the 
wall.  Two  aoorcet  of  delected  field  errors  are  disrusacd.  The 
fitst  ia  due  to  the  diarreta  nature  of  the  twelve  linglt  turn  eoila 
which  geaente  the  toroidal  field.  Meaauremcnta  and  computer 
calculations  Indicate  that  it's  amplitude  snriea  (com  0  to  0.2% 
as  a  (uaet!  u.  .cuius.  This  error  is  a  good  suspect  for  causing 
the  exc  'atica  of  the  damaging  f  s  12  tetenaact  seta  ia  our  re- 
pcrsmeala.  The  ether  source  of  field  error  Is  due  to  the  cnirmt 
feed  gaps  la  the  vertical  ratgactlc  field  ceils.  A  fflagaelie  field  ta 
Induced  inside  the  vertical  livid  coils’  conductor  in  the  opposite 
direction  of  the  applied  toroidal  field.  FYinge  fields  at  the  gaps 
lead  to  additional  field  errors  which  have  been  measured  aa  large 
as  1.0%, 

^Supported  by  ONR  and  SPAIVAR.  **  Narnl  Rescarcb  *.aboca- 
tory,  *•  SFA,  Inc.,  *•  FM  Technologies,  Ine. 


X  4R  29  pP  giyllctioni  and  Microwave  Generation  in  a 

Low-Presame  Hollow  Cathode  Diacharre.*  J.  FXUTBINEII,  D. 
Aabsl,  Z.  Baji-Lsv,  a.  RossNaano,  Aits  Ya.  Z.  Slutsksa, 
Terhwioii.  larael-  —  Gcnetalioa  of  high-intanaity  coher- 

at  nr  oecillntioaa  close  to  the  ion  plasma  frequency  (w  i«s,)  is 
observed  In  a  low-pceasuie  cylindrical  hollow  cathode  discharge. 
Typical  ditchugc  parameten  were:  Cathode  diameter  2-9 
a,  gaa  ptweenn  O.OS  -  1  Torr.  enreent  S  -  100  A.  fbequency 
obierrcd  wne  20  -  '70  HHa.  This  pbesomeaoo  is  aaaociated 
with  inalahiUty  of  the  cathode  sheath  which  cauecs  tnoduia- 
tioa  ef  the  dlaclurge  current  of  alnsoet  100%.  Theee  intense  nf 
eecillstlens  are  eccompaaied  by  short  microwave  spikes,  tach 
amitled  at  the  same  phaaa  of  the  KT  period.  Tha  microwave 
radiation  haa  a  wide  spectrum  above  tha  dectren  plaama  {re 
queaey  (w,.  w  £  Tw^,].  This  tadiatioa  appears  to  be  dne 
to  the  traslotmatioo  of  deettostatie  plasma  waves  which  were 
meaatized  iadde  the  plaama  and  tre  assumed  to  be  driven  by 
the  b«am>pUama  initebilily:  The  beam  of  primary  decirons 
emitted  fitom  the  cathode  interacts  with  the  dasehirge  plasma. 
Beth  an  and  mieravrsve  generetion  do  net  depend  on  the  anode 
fhape,  area,  or  position  (induding  tha  Orbitren  geometry]. 
'IVerk  tuppoitad  ia  part  by  the  U.S.  AFOSR  (Grant  89-0343), 


4S3  Fteawn  BMm-BfsaJmii.lnsfahilihf  (3n»»th  naduelmn  Esnggmenii 
Udnn  Frtemal  CBirVaO  Cadiias  -  P.R.  MENQE,  R.U.  GILGENBACH.  M. 
WALTER.  C.H.  CHING  and  Y.Y.  LAU.  Inttntt  Entrgf  8t*m  MaraeUon 
LMbaratair.  Hudnr.  Enpnesnnp  Depr..  Vnrmtitr  ef  UkNgnn.  Am  Attar. 
HI.  4f  lOMros.— Espehmans  on  awcoon  Dsam  nnipsit  tniougn  10  BF 
eavibes  have  atiown  tnal  beam  braataip  (8BU)  boiibiilY  grewui  can  be 
reduced  by  alaemrcl  lourwtisn  seven  iisemd  beam  cavities  an  ooupMd  by 
cnsdstcabtelosovsnssitinaldUnvTTircavIdes.  The  espenmsma  ara  being 
pcironrmd  wuh  a  bngpwlse  leUSvIade  e-beam  aocalarsmr.  MB-BA.  (iwO.S- 
1 J  us.  V  w  -0.7  -  OA  MV,  dads  cuirani  •  1-iS  kA,  cdroeied  eurera  •  300  A 
Vansoortod  euirsnl  •  300  A).Tha  erperlment  oondsis  e<  10  brait  piKox 
(osenera  eovWes  Immersed  In  a  soianedai  Raid  (1  •  4  kG).  Eacti  avriy 
csradim  a  nseowave  ocuping  amenna  pocMonad  to  bo  sonsHhs  le  mo 
TMiio  boom  breakup  tnadewNch  occurs  «  2.5  GHz.  Ths  list  emhy  h«  Its 
TMrfo  mode  primed  by  a  1  kW  nierewavs  pUba  (3  us)  lioffl  an  eitemii 
megnetrea  Sbong  grown  (08  dB)  of  the  25  GHz  RF  maaaurad  batwaon 
Ihe  2"4  aui  10"*  eamlaa  hu  baen  observed  whan  a  200  A  e-baam  la 
inlaaad  Wo  me  unoougiad  cavity  syattm.*  When  seven  kitamsi  eaviOBs 
(3^  •  9"^  ara  eeroMd  to  seven  iderdeai  external  dummy  eavMaa  via  eoanal 
iTSgewovo  cede,  lire  3.5  GMiRFgrewiftle  reduced  10  moul  30  d9  average. 

t)  P.R  Mange,  RJ4.  Gilgenbacft  and  R>.  Beach,  AppL  Phyt.  LalU 
tUrgusL  1993 
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Collision-induced  resonant  amplification  of  electromagnetic  waves 
by  electrons  in  circular  orbits 
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Electrons  moving  in  circular  orbits  and  colliding  with  gas  atoms  interact  with  a  circular 
electromagnetic  mode.  Applying  the  linearized  Boltzmann  equation,  the  known  nonresonant- 
stimuiated  bremsstrahlung  and  the  near-resonance  Landau  effect  are  obtained.  We  predict  that 
resonant  electrons  moving  with  angular  velocity  equal  to  the  azimuthal  phase  velocity  of  the 
electromagnetic  wave  can  exchange  energy  with  the  wave  if  the  momentum  transfer  cross 
section  for  an  electron-atom  collision  is  velocity  dependent.  Amplification  is  obtained  if  the 
momentum  transfer  cross  section  has  a  positive  slope. 


I.  INTRODUCTION 

Electrons  encircling  positive  electrodes  had  been  ap¬ 
plied  for  producing  microwaves  in  a  device  called  a  Helio- 
tron.'  Two  decades  later,  Alexeff  and  Dyer  introduced  the 
gas  Orbitron.’  This  device  is  based  on  a  glow  discharge  pro¬ 
duced  between  a  hollow  cylindrical  cathode  and  a  positive 
wire  anode.  The  success  of  the  gas  Orbitron  stimulated  re¬ 
search  on  the  vacuum  Orbitron.^  However,  results  obtained 
by  other  groups'*  ’  raised  a  debate  as  to  whether  the  micro- 
wave  emission  of  the  gas  Orbitron  is  due  to  the  Orbitron 
mechanism  suggested  in  Ref  2.  Schumacher  and  Harvey ■* 
claimed  that  the  observed  radiation  is  consistent  with  the 
generation  by  nonlinear  wave-wave  coupling  of  counter¬ 
streaming  electron  plasma  waves.  Our  group^  suggested 
that  the  gas  Orbitron,  which  basically  is  a  glow-discharge 
tube,  radiates  microwaves  by  the  same  mechanism  responsi¬ 
ble  for  the  amplification  of  millimeter  waves  observed  in  the 
neg  'tive  glow  of  a  glow-discharge  tube."  This  amplification 
was  explained  as  stimulated  emission  of  bremsstrahlung  in 
electron-atom  collisions,  enhanced  by  the  multicollision  ef¬ 
fect.’ 

Recently  Ben-Aryeh  and  Postan"  tried  a  unified  model, 
including  both  the  electron-orbit  effect  and  the  influence  of 
collisions.  They  assumed  electrons  moving  in  circular  orbits, 
interacting  with  a  circular  electromagnetic  mode,  and  collid¬ 
ing  with  the  background  gas  atoms.  The  linearized  Boltz¬ 
mann  equation  was  applied  for  a  specific  distribution  and 
their  results  led  to  the  following  conclusion:  The  inverse 
Landau  damping  and  the  stimulated  bremsstrahlung  in¬ 
duced  by  the  collisions  are  operating  in  opposite  directions 
to  each  other  and  tend  to  have  a  compensating  effect  on  the 
amplification  process.  They  claim  that  the  inverse  Landau 
damping  is  the  dominant  effect  in  the  Orbitron  maser. 

Although  the  assumption  of  a  thin  annulus  of  electrons 
moving  in  circular  orbits  is  not  appropriate  for  the  glow- 
discharge  gas  Orbitron,  one  can  consider  a  device  in  which 
such  an  electron  distribution  is  produced  and  a  controlled 
amount  of  gas  is  added  to  effect  electron-atom  collisions.  In 
this  paper,  the  influence  of  these  collisions  on  the  amplifica¬ 
tion  (absorption)  of  electromagnetic  waves  in  such  a  device 
is  theoretically  investigated.  The  linearized  Boltzmann 
equation  is  applied,  but  instead  of  trying  a  specific  distribu¬ 


tion  (as  was  done  in  Ref  8),  a  quite  general  approach  will  be 
taken.  The  results  derived  in  the  following  sections  are  dif- 
terent  from  those  of  Ben-Aryeh  and  Postan*  and  can  be  sum¬ 
marized  as  follows: 

(a)  Far  from  resonance  (or  without  resonance  for  TE^, 
mode',,  the  known  expressions  of  (single-collision)  stimu- 
latcu  bremsstrahlung  theory*'  are  obtained. 

(b)  Near  resonance  the  (inverse)  Landau  damping  is 
dominant  for  TE,,  modes  with  I  The  collisions  reduce 
both  amplification  and  absorption  of  the  electromagnetic 
wave  caused  by  the  (inverse)  Landau  damping  effect. 

(c)  At  resonance,  amplification  effected  by  electron- 
atom  collisions  is  predicted.  The  conditions  necessary  for 
amplification  are  similar  to  those  reported  by  Wachtel  and 
Hirshfield"*  for  electrons  at  the  cyclotron  resonance  in  a 
magnetic  field. 


II.  THEORETICAL  MODEL 


Following  Ref  8  we  start  with  the  linearized  Boltzmann 
equation: 


5/i  <?/i  e  dfa 

- (-  V - E- - 

dt  dr  m  dy 


(I) 


whereyi,  ( v )  is  the  electron  distribution  in  the  absence  of  the 
rf  field  perturbation,/,  ( v,r)  is  a  small  perturbation  caused 
by  the  electromagnetic  wave  with  electric  vector  E,  and  v(  v ) 
IS  the  velocity-dependent  collision  frequency.  Assuming  that 
the  elections  are  moving  in  a  circle  of  radius  r  with  angular 
velocity  ca^,  then 

y  =  a>ore,  fo{y)  =f„{cOo), 

and 


_  I  e 

dy  r  dtOa 
so  that  Eq.  ( 1 )  becomes 


39 


eEe  df„ 

mr  3(0  u 


-  v(ryo)/i' 


(2) 


In  a  cylindrical  (or  coaxial)  geometry,  electromagnetic 
modes  with  Eg^O  can  propagate,  namely,  IE,,, 
(/  =  0,1.2,...)  and  TM,„  (/  =  1,2,...).  For  these  modes  the 
time  and  angular  dependence  of  Eg  is 
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Therefore,/,  should  also  have  this  dependence,  and  we  ob¬ 
tain  from  Eq.  ( 2 ) : 


/  = 


—  i[e/m')  3fo 
( /<Uo  —  lo)  —  iv  dco„- 


E„. 


(3) 


The  perturbed  azimuthal  current  density  is  obtained  from 

k- 

J„=  -enkj  a),J,(.cOn)dco„,  (4) 

where  is  the  electron  density.  Using  Eqs.  (3)  and  (4|  the 
rf  conductivity,  defined  as  a  —  Jq/E^,  is  calculated: 


a  = 


_ ^ 

( IlJu  —  to)  —  iv  dojo 


d(Do- 


(5) 


For  Wo  <0  there  is  no  resonance  (/wq  —  oj^O),  therefore, 
we  shall  consider  only  Wq  >  0,  that  is,  electrons  rotating  in 
the  same  direction  as  the  electromagnetic  wave.  The  integra¬ 
tion  in  Eq.  (5)  will  be  limited  to  J” 

The  amplification/absorption  of  the  electromagnetic 
wave  is  proportional  to  the  real  part  of  the  rf  conductivity  o 
as  follows: 

For  Re{ff}  >  0,  absorption. 

For  Re{a}  <0,  amplification. 

Since  the  effect  of  collisions  is  investigated.  V5=0,  and  the 
integrand  in  Eq.  (5)  is  finite,  provided  <3/,/<3w„  is  finiie  (as 
should  be  for  a  physically  possible  distribution ) .  This  allows 
us  to  separate  the  real  part  of  a  in  Eq.  ( 5 ) : 


Re{cr}  = 


_ 

( /wy  —  w )  *  -r  1'“ 


da)„.  (6) 


Obviously,  if  <  0  for  0  <  w„  <  cc  ,  Re{a}>0, 

and  no  amplification  can  be  obtained.  For  example,  absorp¬ 
tion  of  the  electromagnetic  wave  is  predicted  for  a  Maxwel- 

_ 1 


lian  distribution.  From  Eq.  ( 6 )  we  see  that  the  sign  of  Re{o} 
is  fixed  by  the  integral  of  df^/dcog  over  the  whole  range 
where 


( /Wq  —  ij)“  -f-  y 


•?=o. 


and  it  should  be  noted  that  for  any  physical  distribution,  a 
region  with  (3/,/(5w„>0  is  followed  by  a  region  where 
dfa/doia  <  0. 

A  much  clearer  physical  picture  is  obtained  if  the  inte¬ 
gration  is  done  on/,  ( w„  ) .  Then  one  can  calculate  the  contri¬ 
bution  of  electrons  with  velocity  w,,  to  amplification/ab¬ 
sorption,  and  conclude  which  distribution /,  (  Wq  )  is  optimal 
for  obtaining  amplification.  Integration  by  parts  of  Eq.  (6) 
yields 


x/-( - 

<?Wo  V(/w„  —  w)-  -f-  \^) 


(7) 


The  collision  frequency  v  is  obtained  from  the  momen¬ 
tum  transfer  cross  section  : 

v  =  i;/i^o„(y)  =rwon^cT„(w„),  (8) 

where  /i„  is  the  atom  density.  i7„  is  the  experimentally  mea¬ 
sured  quantity  generally  given  for  electron-atom  scattering 
(rather  than  v).  A  straightforward  evaluation  of  the  deriva¬ 
tive  in  Eq.  (7),  together  with  Eq.  (8),  enables  us  to  express 
Re{<7}  in  terms  of  <7,,  and  <3i7„/<9wo  ^s  follows: 

Re{g}=  f„(aj^)C(cjJduj„.  (9) 

where 


G(w„  )  =  — 


01,1  ( dai„/doi„  )  [  ( toi.i  —  w )  ■'  —  1'  ]  —  2wcr„  ( /w, 
[  (/wy  —  w)  -  -I-  r-]* 


The  amplification  of  electrons  with  angular  velocity  w„  is 
proportional  to  G(coa)  [absorption  for  Gioia)  <0j.  Given 
the  parameters  of  the  electromagnetic  wave  (w  and  /)  and 
the  type  of  gas  (for  which  Oy,  is  known),  the  gain  function 
G(ai(i)  can  be  calculated.  Then,  for  any  distribution/,  (wq) 
the  net  gain  (or  attenuation)  can  be  evaluated.  It  should  be 
noted  that  Eqs.  (9)  and  (10)  were  derived  for  electrons 
moving  in  circular  orbits,  from  the  linearized  Boltzmann 
equation,  without  any  approximations. 

III.  APPLICATIONS 

In  order  to  demonstrate  the  physical  content  of  the 
equations  derived  above,  the  following  regions  will  be  ana¬ 
lyzed  further:  Nonresonant  interaction,  near-resonance  in¬ 
teraction,  and  at-resonance  interaction. 

A.  Nonresonant  stimulated  bremsstrahlung 

The  Boltzmann  equation  was  applied  by  Bekefi  to  cal¬ 
culate  the  amplification  of  a  plane  wave  by  stimulated 


(U) 

—  ■  (10) 

I - - 

bremsstrahlung  in  electron-atom  (ion)  collisions.  For  low 
collision  rates,  v<<y,  the  results  are  identical  to  those  ob¬ 
tained  later  by  other  methods.”  The  nonresonant  conditions 
are  Uoio  —  <u)’>  or  /  =  0.  For  /  =  0  the  electromagnetic 
mode  is  TEq,,,  for  which  the  electric  field  £9  is  independent 
of  9.  Therefore,  electrons  moving  in  circular  orbits,  parallel 
to  the  electric-field  vector,  should  contribute  to  amplifica¬ 
tion  as  do  electrons  moving  in  the  direction  of  the  electric 
field  vector  of  a  plane  wave.  From  Eq.  ( 10),  for  /  =  0  and 
we  obtain 

X,,  f  dCTy,  \ 

G(<ao)s - rl'i^u-q — -I- 2(7„  )  .  (11) 

0)-  \  d(o„  j 

For  comparison  with  the  results  of  Ref.  6,  we  transform 
Eq.  (11)  to  the  energy  variable  e,  defined  by 

€=\mr(ol.  (12) 

Then  the  amplification  of  electrons  with  energy  e  is  propor¬ 
tional  to 
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G(e) - 

This  equation  is  identical  to  the  one  obtained  in  Ref,  6  for 
electrons  moving  in  the  direction  of  the  electric  vector  of  the 
electromagnetic  wave.  Note  that  negative  is  a  neces¬ 

sary  condition  for  obtaining  amplification. 


B.  Near-resonance  interaction 

The  resonance  is  obtained  when  Icj^  —  ru  =  0.  Then  the 
electrons  are  moving  with  angular  velocity  equal  to  the  azi¬ 
muthal  phase  velocity  of  the  electromagnetic  wave.  Assume 
that  the  distribution /a(oJo)  is  peaked  near  a  resonance.  We 
define  the  condition  of  near  resonance  by 

(liOt,  —  o))*  <4  V'.  ( 14) 

The  gain  function  of  Eq.  (10)  with  the  above  approximation 
is 


do ■< 

G(aja)=:  - —  -  lU)  +  — -r—  ■ 

V  i-  dcj,i 


(15) 


The  first  term  of  Eq.  ( 15)  is  zero  at  exact  resonance,  positive 
above  resonance,  and  negative  below  resonance.  It  can  be 
physically  identified  with  the  inverse  Landau  damping  ef¬ 
fect:  Electrons  moving  with  (angular)  velocity  (u„  larger 
than  the  (azimuthal)  phase  velocity  of  the  electromagnetic 
waveru//,  make  —  oi  >  0.  and  amplify  the  electromagnet¬ 
ic  wave,  and  vice  versa,  electrons  slower  than  the  phase  ve¬ 
locity  absorb  energy  from  the  electromagnetic  wave. 

The  effect  of  collisions  on  the  Landau  effect  is  obvious  in 
the  first  term  of  Eq.  (15):  Both  the  Landau  and  the  inverse 
Landau  effects  are  attenuated  strongly  by  the  collisions. 
Since  v~(Uo(7m.  the  (inverse)  Landau  effect  is  proportional 
to  v  ■  ^  Note  that  Eq.  (15)  is  exact  only  near  the  resonance. 
If  (/ciJn  —  o))^  is  larger  than  i'.  Eq  ( 10)  should  be  used 


C.  At-resonance  interaction 


At  resonance  the  first  term  of  Eq.  ( 15 )  goes  to  zero,  and 
the  gain  function  G(cj„  )  can  be  approximated  as 


G(^o)~ 


tUo  dtj^f 
i4  dij0 


( 16) 


Thus,  at  resonance,  amplification  is  obtained  if 
dcr„/dcoo  >0.  Negative  slope  Oj,  exists  in  the  noble  gases 
Ne,  Ar,  Xe,  Kr,  for  electrons  with  energies  of  few  eV,  due  to 
the  Ramsauer  effect. 

The  resonant  interaction  expressed  by  Eq.  (16)  is  simi¬ 
lar  to  the  effect  reported  by  Wachtel  and  Hirshfield.''  They 
predicted  theoretically  and  found  experimentally  that  elec¬ 
trons  within  a  xenon  gas.  with  energies  of  few  eV,  amplify  an 
electromagnetic  wave  at  a  frequency  equal  to  the  cyclotron 
frequency  of  the  electrons  in  the  applied  magnetic  field. 


0.  Effect  of  the  electron  distribution 

The  gain  expected  from  each  type  of  interaction  depends 
on  the  electron  distribution,  gas  type,  and  pressure.  The  non¬ 
resonant  stimulated  bremsstrahlung  is  effective  with  broad 
electron  distributions,  provided  mosi  of  the  electrons  have 


energies  in  the  range  where  eda^,/de  -)-  cr„  <  0,  as  is  evident 
from  Eq.  (13). 

The  near-resonance  Landau  interaction  is  operative  in 
most  microwave  devices.  An  initial  mistune  is  necessary  for 
obtaining  gain,  namely,  the  optimal  electron  distribution  is  a 
narrow  one,  peaked  at  slightly  larger  than  co/l,  as  can  be 
seen  in  Eq.  (15).  The  collisions  with  gas  atoms  have  a  detri¬ 
mental  effect  on  the  amplification. 

The  resonant  collision-induced  gain  is  maximal  for  an 
initial  &  distribution  at  the  exact  resonance  (/ruy  —  ru  =  0). 
However,  for  real  distributions,  the  mistune  Landau  effect 
will  accompany  the  collision-induced  effect.  To  compare  the 
effects,  we  calculate  by  Eq.  ( 15)  the  ratio  between  the  mis¬ 
tune  gain  and  the  resonant  collision-induced  gain  G^  as 
follows; 

(J„  —  co) 

Gc  %'^a)^(dOx,/dui,) 

(  g',  \co{l(Ja-a)) 

\e(<9o-„/5e)  J 

The  term  in  large  parentheses  can  be  evaluated  from  stan¬ 
dard  atomic  data."  For  electrons  of  about  8  eV,  colliding 
with  argon  atoms,  it  is  approximately  equal  to  one.  Near  the 
resonance  a)  can  be  replaced  by  /oiq  .  The  collision  frequency 
i'.  given  by  Eq.  (8),  can  be  controlled  by  the  gas  pressure. 
However,  v  must  be  limited  to  comply  with  the  basic  as¬ 
sumption  that  the  electrons  are  moving  in  circular  orbits. 
We  limit  V  by  requiring  that  an  electron  will  make  (on  the 
average)  at  least  one  complete  revolution,  i.e.,  v  <  so 

that 

/a)„(/ruu  -  tu)  ,  (cu„  -  tu//) 

- \27TI)'  -  .  (  lo) 

Gc  {aJa/2-)-  u,, 

The  condition  G^,sGc  is  obtained  when  the  normalized 
deviation  from  resonance  (a>a  —  oj/D/cJo  equals  l/(27r/)-. 
For  1  =  1  it  is  +  2.56o.  Thus,  the  resonant  collision-induced 
gain  will  dominate  if  the  electron  distribution  has  a  5% 
width  and  centered  at  resonance. 

The  evaluation  of  efficiencies  should  be  done  on  the  ba¬ 
sis  of  a  nonlinear  model.  From  the  present  linear  model  we 
identify  the  difficulty  of  maintaining  a  5%-wide  distribution 
in  the  presence  of  collisions.  The  main  nonlinear  effect  ex¬ 
pected  is  a  collision-induced  production  of  bunching  in  the 
electrons  which  are  initially  distributed  with  random  phases 
with  respect  to  the  electromagnetic  wave.  This  bunching 
should  enhance  the  gain. 

IV.  DISCUSSION 

There  is  an  interesting  difference  between  the  nonreson- 
ant  and  at-resonance  effects  of  the  collisions  on  the  interac¬ 
tion:  Negative  da /data  is  necessary  for  amplification  in  the 
first  case,  while  a  positive  da^/doia  is  required  for  the  sec¬ 
ond.  This  IS  a  manifestation  of  the  different  physical  pro¬ 
cesses  involved.  In  the  nonresonant  conditions  the  energy 
exchange  between  the  electrons  and  the  electromagnetic 
wave  is  enabled  by  the  collisions,  in  the  process  called  “sti¬ 
mulated  bremsstrahlung."  Here  the  atoms  provide  the  nec¬ 
essary  momentum  for  the  emission  ( absorption )  of  photons 
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by  the  electrons.  On  the  other  hand,  at  resonance  the  re¬ 
quired  momentum  is  supplied  by  the  external  force  which 
drives  the  electrons  in  the  circular  orbits.  Here  the  role  of 
collisions  can  be  explained  as  follows:  For  Itoa  =  the  elec¬ 
trons  are  rotating  with  angular  velocity  equal  to  the  azi¬ 
muthal  phase  velocity  of  the  electromagnetic  wave.  Half  of 
the  electrons  are  accelerated  and  half  are  decelarated  by  the 
electric  field  of  the  wave,  so  that  there  is  no  net  transfer  of 
energy.  However,  if  da^/do}^  >  0,  those  electrons  which 
have  absorbed  energy  from  the  wave,  have  a  greater  velocity, 
therefore  a  greater  probability  of  being  knocked  out  of  the 
circular  orbit  than  those  which  lose  energy  to  the  electro¬ 
magnetic  wave  and  become  slower.  The  result  is  a  net  trans¬ 
fer  of  energy  from  the  electrons  to  the  electromagnetic  wave, 
i.e.,  amplification. 

In  view  of  the  above,  the  resonant  processes  are  not  “sti¬ 
mulated  bremsstrahlung”  although  they  are  effected  by  the 
collisions.  The  near-resonance  Landau  effect  was  obtained 
for  a  specific  distribution  by  Ben-Aryeh  and  Postan.*  How¬ 
ever  they  seem  to  have  misinterpreted  their  result  [Eq.  (11) 
of  Ref.  8],  namely,  it  is  not  the  “stimulated  bremsstrahlung” 
which  opposes  the  Landau  effect,  but  rather  the  attenuation 
of  the  Landau  effect  caused  by  collisions,  as  expressed  quite 
generally  in  Eq.  ( 1 5 ) .  Note  also  that  the  electron-radiation 
interaction  is  zero  for /cjo  =  6;,  according  to  Eq.  (11)  of  Ref. 
8.  The  resonant  effect  of  Eq.  ( 16)  seems  to  have  been  lost  tn 
the  approximations  of  Ref  8. 

The  theoretical  results  derived  above  cannot  explain  the 
microwave  emission  of  the  gas  Orbitron,  since  the  required 
distribution  is  not  supposed  to  exist  in  a  gas  discharge.  The 
electron  distribution  is  broad  and  not  peaked  as  necessary 


for  the  resonant  interactions.  However,  the  multicollision- 
enhanced  stimulated  bremsstrahlung’  can  support  nonre¬ 
sonant  amplification  of  electromagnetic  waves. 

The  results  presented  in  this  paper  should  be  tested  in  a 
vacuum  Orbitron  (or  Heliotron),  to  which  a  controlled 
amount  of  gas  has  been  added.  The  main  problem  expected 
in  such  an  experiment  is  that  too  high  gas  pressure  might 
destroy  the  needed  electron  distribution,  while  with  too  low 
gas  pressure  the  effects  of  the  collisions  might  be  negligible. 
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